Abstract. The current study aimed to investigate the imaging characteristics and pathogenesis of intracranial artery stenosis in patients with acute cerebral infarction. In total, 84 patients diagnosed with acute cerebral infarction were recruited. Magnetic resonance angiography was performed to detect the existence of intracranial artery stenosis or occlusion. In addition, magnetic resonance imaging and diffusion weighted imaging were employed to analyze the infarction types and characteristics. In the majority of patients, the infarction resulted from internal carotid stenosis (77 cases; 91.7%), while it was caused by vertebral artery stenosis in a small number of cases (7 cases; 8.3%). Multiple infarction was identified the most common type of infarction among all cases (69.0%). The most common types of infarctions in the internal carotid system were multiple infarction implicating both the cortex and centrum ovale (23.4%), and internal watershed infarction (22.1%). Although the number of cases was relatively small, multiple infarction was observed to have a high incidence in the vertebral artery system. Bedside electrocardiogram was also recorded to determine the sinus rhythm and examine the abnormal hemodynamics. The sinus bradycardia rate of patients with multiple infarction was markedly greater in comparison with that in single infarction patients (χ 2 =0.01, P<0.05). Transcranial Doppler plus microembolus monitoring was utilized to explore the possible pathogenesis of all types of infarctions, such as arterial embolization. As compared with the single infarction patients, the embolus rate in patients with multiple infarction was notably increased by ~3.7-fold (χ 2 =8.65, P<0.05). In conclusion, the cerebral infarction was common in the internal carotid system, with multiple infarction observed in the majority of cases. The pathogenesis of cerebral infarction included arterial embolization and inadequate hemoperfusion.
Introduction
Cerebrovascular disease is one of the three most common causes of human mortality, with irreversible sequelae of severe disability reported in 50-70% of surviving patients (1) . The Chinese diagnostic guidelines of cerebrovascular diseases in 2010 stated that 7-10% of males and 5-7% of females aged >65 years presented carotid artery stenosis of >50% (2) . A retrospective study of symptomatic carotid artery stenosis and endometrectomy from North America revealed that the annual incidence of stroke in patients with 60-99% stenosis was 3.2% at a 5-year follow-up (3) . In patients with 60-74% stenosis, the annual incidence of ipsilateral stroke was 3.0%, while this incidence was elevated to 3.7% in patients with 75-94% stenosis (4) .
Intracranial atherosclerotic stenosis is the most common cause of ischemic stroke worldwide and also results in the recurrence of stroke (5) . Therefore, a complete and systematic understanding of the imaging characteristics and pathogenesis of intracranial artery stenosis will assist clinical experts in employing more efficient strategies to prevent and alleviate the induced clinical effects. An increasing number of modern imaging techniques (6) , including magnetic resonance angiography (MRA), computed tomography angiography, digital subtraction angiography (DSA), transcranial Doppler (TCD), magnetic resonance imaging (MRI), diffusion weighted imaging (DWI) and microembolus (MES) monitoring, are developed to facilitate the inspection of intracranial artery stenosis and the examination of possible pathogenesis of the resulted cerebral infarction. Although DSA is the golden standard of determining the degree of vascular stenosis, accurate measurement is dependent on the rapid injection of a large dosage of contrast agents into the artery, which may induce allergenic reactions (7) . Furthermore, it is an expensive and invasive technique (7) . Non-invasive tools, including MRA and TCD, can be used to detect moderate to severe stenosis (50-99%) as reliable methods (8) . MRA is the most common strategy for the diagnosis of intracranial artery stenosis due to its accuracy, inexpensiveness, impersonality, intuition and non-invasion. It is also convenient in achieving doctor-patient communication and provides the required conditions for further DSA examination (9) . DWI is able to diagnose minimal infarction lesions in the cortex and periventricular regions, but also to discover ultra-early ischemic alterations in brain tissues and definitely demonstrate the new-onset infarction lesions (10).
Therefore, DWI has become a favorable method used for the investigation of the imaging characteristics of infarction (10) . Furthermore, TCD plus MES monitoring is conducive to the detection of intracranial embolismic diseases (10) .
In the present study, the imaging characteristics and pathogenesis of intracranial artery stenosis were investigated in patients with acute cerebral infarction using various modern imaging tools. DWI was employed to analyze the lesion characteristics of intracranial artery stenosis in these patients in detail. Furthermore, TCD, MES monitoring and electrocardiogram (ECG) alteration techniques were combined to investigate the pathogenesis of acute cerebral infarction induced by intracranial artery stenosis.
Materials and methods

Subjects.
A total of 84 cases of patients undergoing acute cerebral infarction during the week prior to admission between October 2008 and June 2012 in the Department of Neurology at the First Affiliated Hospital of Nanchang University (Nanchang, China) were recruited into the current study, subsequent to signing informed consent forms. The study protocol was reviewed and approved by the Institutional Ethics Committee of the First Affiliated Hospital of Nanchang University. The cohort was comprised of 74 males and 10 females with an age range of 41-80 years and a mean age of 61±9 years. All patients were diagnosed according to the diagnostic criteria on cerebrovascular diseases revised by the Fourth Chinese Academic Conference (11) . The existences of intracranial artery stenosis or occlusion, including 77 cases of anterior circulation artery occlusion (internal carotid artery) and 7 cases of posterior circulation artery occlusion (vertebrobasilar artery), were diagnosed according to MRA findings. Patients with cardioembolism, arteritis, syphilis, concurrent infection, cancer or severe cardiopulmonary diseases were excluded.
Imaging data. Upon admission all patients were examined by MRI (Trio3.0T; Siemens AG, Munich, Germany) using the axial T1-weighted image (T1WI), T2WI, DWI, sagittal T2WI and fluid-attenuated inversion recovery sequences. DWI was employed to analyze the morphological features of infarction. Bright hyperintensity displayed on DWI indicated a fresh infarct lesion. Any observed changes, which indicated infarction were confirmed by an MRI radiologist and two senior neurologists.
Infarct location and lesion morphology. The cases included in the current study included internal carotid artery stenosis and vertebrobasilar artery stenosis patients. On the basis of regional division, internal carotid artery infarctions were divided into cortex infarction, subcortex infarction, complete infarction, incomplete infarction that simultaneously implicated the cortex and subcortex, deep infarction and watershed infarction. Similarly, vertebrobasilar artery infarctions were divided into cortex infarction, deep infarction, and infarction that implicated the cortex and deep vessels. In terms of the morphology distribution, internal carotid artery and vertebrobasilar artery infarction was recognized as single or multiple infarction (two or more infarction lesions in the same or various locations). Regarding the infarct size, lesions were divided into the small (maximal diameter <20 mm), moderate (20 mm <maximal diameter <40 mm) and large infarction (maximal diameter >40 mm).
Sinus bradycardia assessment. All patients received complete bedside ECG examination within 48 h after hospitalization. Sinus bradycardia in the patients was defined as a ventricular rate of <60 beats/min on the ECG.
TCD and MES monitoring. All patients underwent TCD with MES monitoring within 3 days after hospitalization at a frequency of one time per day. Related arteries were monitored repeatedly within a short time (<30 min) using TCD (Digi-Lite system; Rimed Ltd., Ra'anana, Israel). The TCD device also performed the MES monitoring. The embolus was observed by physicians using the TCD-8 software for Multi-DopX4, version 8.00Q (DWL, Sipplingen, Germany) and defined as either gaseous or solid. The examination results were confirmed by two professional TCD doctors.
Statistical analysis.
A database was established with Excel 2003 (Microsoft Corp., Redmond, WA, USA) and then imported into the SAS version 9.2 software (SAS Institute Inc., Cary, NC, USA) for statistical analysis. Qualitative data were analyzed by χ 2 -test, while quantitative data were analyzed by student's t-test for comparison of two independent samples. A P-value of <0.05 was considered to indicate differences that were statistically significant.
Results
Infarction types and morphology. The data regarding the infarction types and morphology of all patients are shown in Table I and Fig. 1 . Among the 84 patients, the majority of infarction cases resulted from internal carotid stenosis (77 patients; 91.7%), while a small number of cases resulted from vertebral artery stenosis (7 patients; 8.3%). However, the difference in the proportion of multiple infarctions between the internal carotid stenosis and vertebral artery stenosis was not statistically significant (χ 2 =0.02, P>0.05). Multiple infarction was observed to be the most common type of infarction in the two stenosis groups (69.0%).
The specific infarction types and morphology in the 77 cases of infarction in the internal carotid system are demonstrated in Table II . Typical images of every infarction type in the internal carotid system are shown in Fig. 2 . The results indicated that multiple infarction (implicating both the cortex and centrum ovale, 23.4%) and internal watershed infarction (22.1%) were the two most common types of infarction in the internal carotid system. Cortex large single infarction (3.9%), centrum ovale single infarction (2.6%), and anterior and posterior watershed infarction (1.3%) were infrequent in internal carotid stenosis. Table III depicts the specific infarction types and morphology in the 7 cases of infarction in the vertebral artery system. Typical images of each infarction type in the vertebral artery system are also shown in Fig. 3 . Although the number of cases was relatively small, a high incidence of multiple infarction was also observed in these patients.
Sinus bradycardia in different infarction patterns. The sinus rhythm in patients with different infarction patterns is demonstrated in Table IV . It was observed that the sinus bradycardia rate of patients with multiple infarction (31.0%) was markedly greater in comparison with that in patients with single infarction (11.5%; χ 2 =0.01, P<0.05). The sinus bradycardia rate in all patients was 25.0%.
Embolus in different infarction patterns. The incidence of embolus in patients with various patterns of infarction is listed in Table V . The results identified that, as compared with patients with single infarction (7.7%), the embolus rate in patients with multiple infarction was notably increased to ~4.7-fold (36.2%; χ 2 =8.65, P<0.05). The embolus rate in all patients was 27.4%.
Discussion
The imaging features of cerebral infarction caused by intracranial artery stenosis have been reported in the literature, however, detailed studies are lacking. In the study by Chen et al (12) , a total of 62 patients were recruited with acute cerebral infarction who met the following criteria: i) The location of acute infarction was confirmed by DWI within 1 week after the onset of disease; ii) the lesion was located in the intracranial segment of the carotid artery; and iii) the infarction was identified to be induced by the ipsilateral carotid artery occlusion rather than other causes. According to the distribution of DWI lesions in these patients, the infarct types were classified as perforating artery infarct (PAI), pial infarct (PI), border-zone infarct (BZI) and multiple infarcts, indicating a combination of the aforementioned types (12) . In addition, Kang et al (13) employed DWI to survey the infarction types of 35 patients with acute cerebral infarction induced by internal carotid artery occlusion. The study identified 21 cases of regional infarction (non-watershed infarction), including 9 cases of cortex multiple infarction, 7 cases of cortex and deep basal ganglia region multiple infarction, and 5 cases of single infarction in these sites (13) . Others types included 9 cases of watershed infarction combined with the regional infarction, 1 case of simple watershed infarction and 4 cases of bilateral cerebral hemisphere infarction.
Tatu et al (14) reported the criteria for evaluating the infarction of the middle cerebral artery (MCA) region. According to the infarct site, volume and distribution demonstrated on DWI, the cerebral infarction was divided into cortex regional infarction, deep small infarction, watershed infarction and multiple infarction (14) . The cortex regional infarction lesion was located in the main branch of MCA, cortical or medullary blood supply area, and the cortex regional infarction included the MCA complete, MCA cortical branch, small cortical and centrum ovale infarctions. The infarction in patients with MCA occlusive disease (MCAOD) was presented by imaging as multiple small cortical infarction, which was often accompanied with centrum ovale infarction (15) . In the lenticulostriate artery region, deep small infarction was defined as 'giant lacuna' with a lesion diameter of >15 mm, striatocapsular infarction and lacunar infarction (16) . Of the MCA lesions, 30.7% presented lacunar infarction, while lacunar and striatocapsular infarctions were the most common types of basal ganglionic infarction (16) . A study focusing on the Chinese and Korean populations also pointed out that the majority of patients bearing lacunar or deep striatocapsular infarction had occlusive lesions in the M1 segment of the ipsilateral MCA or internal carotid artery (17) . Watershed infarction includes the anterior, posterior and internal watershed infarcts. In recent years, cerebral watershed infarction has gradually become an important infarct type of MCAOD. Wong et al has also reported that chain-type watershed infarction was the most common type in patients with acute cerebral infarction resulting from MCA occlusion (18) . Watershed infarction has been identified to be common in severe stenosis or occlusion of the internal carotid artery (19) . Furthermore, progressive aggravation of neurological impairment in patients with subcortical cerebral infarction is associated with the atherosclerotic stenosis of the corresponding arteries; thus, intracranial artery stenosis serves an important role in the neurological deterioration of patients with subcortical infarction (20) .
Multiple infarction refers to the multiple and discontinuous non-fused infarction lesion in MCA region. In a previous study conducted at the Chinese University of Hong Kong investigated 30 cases of acute stroke by DWI (18) , demonstrating that 50% of patients presented multiple infarction, where the cortical multiple infarction accounted for 60%; PAI patients accounted for 66.7% of cases, with 2/3 presenting multiple lesions. In addition, 73% of patients suffered watershed infarction, and three types of watershed infarction in the anterior circulation were identified in MCAOD patients, where the internal border zone was the most frequently affected site and multifocal distribution with an arrangement of chain-type was observed (21) . Furthermore, the study by Tan and Yang (22) also reported that multiple infarction was the most common type in intracranial artery stenosis.
In agreement with the aforementioned studies, the present study revealed that the incidence of cerebral infarction, including multiple and single infarctions, was evidently higher in the internal carotid system rather than the vertebral artery system, while multiple infarction (69.0%) was also much more frequent in comparison with single infarction (31.0%) in the two artery systems. In particular, multiple infarction implicating both the cortex and centrum ovale (23.4%) and internal watershed infarction (22.1%) were the two infarction types with the highest incidence. Since the literature regarding the imaging characteristics of cerebral infarction induced by posterior circulation artery stenosis is limited, the present study enriched and deepened the knowledge on these features. Sinus bradycardia However, in comparison with the internal carotid system, the cases involving the vertebral artery system were significantly lower. Thus, a large-scale investigation on vertebral artery stenosis should be performed in the future to obtain more abundant clinical evidence. Furthermore, the infarction types in carotid artery stenosis reported herein were different from the previous classification (12) . The classification in the present study was considered to be more appropriate and specific compared with the previous classification. In a previous study, it was confirmed that the constituents (fibrins and platelet aggregates) of thromboembolism causing occlusion of the distal artery in patients with internal carotid artery stenosis were the same as those of the surface thrombus of atherosclerotic plaques in terms of pathology; therefore, a mechanism of arterial embolization was proposed (23). Kang et al (13) considered that the acute cerebral infarction induced by the occlusion of the internal carotid artery was multiple infarction, and that arterial embolization was the leading cause of internal carotid artery stroke. Gao et al (24) also reported that intracranial multiple lesions observed on DWI scans often suggested the possible pathogenesis of embolism. Furthermore, a previous TCD study reported that MES signals were more likely to be detected in patients with intracranial artery stenosis that had multiple lesions (25) . In the present study based on 84 patients with intracranial artery stenosis and cerebral infarction, it was revealed that the embolus cases in multiple infarction were notably greater in comparison with those in single infarction. It was indicated that multiple infarction mainly resulted from embolization, which was in agreement with the aforementioned previous studies. Thus, arterial embolization can be considered as a principle cause of multiple cerebral infarction.
Chen et al (12) investigated the infarction types and pathogenesis in 62 patients with intracranial artery stenosis and observed that hypoperfusion was the main cause of watershed infarction (12) . The corresponding imaging finding was subcortical white matter with internal chain-typed distribution or low-density lesion with striped distribution (26) . In the current study, watershed infarction with a significant majority of internal watershed infarction accounted for nearly one third of the 58 cases of multiple infarction. Furthermore, ECG demonstrated that the incidence of sinus bradycardia in patients with multiple infarction was significantly higher compared with that in patients with single infarction; this observation has not been reported in previous publications, to the best of our knowledge. Thus, it was speculated that cerebral hypoperfusion induced by bradycardia may be an important pathogenesis mechanism of watershed infarction or multiple infarction. Watershed infarcts were usually confluent and MES was more likely to appear, suggesting that watershed infarction may be the result of decreased embolus clearance caused by hypoperfusion in this region (18) .
Apart from the multiple infarction, 12 cases of single infarction in the medullary area and lacunar infarction in the basal ganglia region were recruited in the present study. In these patients, the positive rate of embolus and the incidence of sinus bradycardia on ECG were low. The pathogenesis of single infarction in the medullary area and lacunar infarction in the basal ganglia region may be a result of thrombosis induced by de novo vascular impairment, such as atherosclerosis. Thrombosis is known as an important pathogenesis of cerebral infarction (27) . For instance, the thrombosis in MCAOD patients may be associated with the generation of deep small infarction (28) . In particular, stenosis in the main branch of the MCA may result in thrombosis in the plaque residues and implicate the ostia of the perforating artery, thereafter inducing the deep small infarction in MCAOD patients (28) . The single infarction within the cortex region was also reported to be connected with the thrombosis of the perforating artery (18) .
In conclusion, the present study observed that cerebral infarction, including multiple and single infarctions, was evidently more common in the internal carotid system as compared with the vertebral artery system, with multiple infarction observed in the majority of cases in the two artery systems. In particular, multiple infarction implicating the cortex and centrum ovale, and internal watershed infarction were the most common types. The pathogenesis of cerebral infarction due to intracranial artery stenosis included arterial embolization and inadequate hemoperfusion. Furthermore, sinus bradycardia served an important role in the generation of cerebral infarction by hypoperfusion.
